INTRODUCTION
Recent studies have suggested that noninvasive, enterotoxigenic E. coli strains cause a major portion of severe acute diarrheal disease, both in developing nations (1) (2) (3) and in the United States (4) . In recent studies about Dr. Guerrant is a Research Physician with the National Institutes of Health. Dr. Pierce is the recipient of a Research Career Development Award from the National Institutes of Health. 50%, of the adults hospitalized in Calcutta with acute "undifferentiated" cholera-like diarrhea had small bowel colonization by homogeneous isolates of E. coli which were not of previously recognized enteropathogenic serotypes. Cell-free culture filtrates of these strains contain a partly heat-labile enterotoxin which causes fluid accumulation in ligated segments of rabbit small bowel (2. 3). In canine jejunum, crude E. coli enterotoxin (ECT)' induces outpouring of isotonic fluid similar in composition to that induced by cholera enterotoxin (CT), but following a very different time-course (5) . Earlier studies have suggested that the mechanism of action of ECT may be similar to that of CT, in that ECT does not alter the rate of jejunal fluid accumulation after a maximum secretory rate has been induced by CT (5) .
Further studies have indicated that ECT has an effect qualitatively similar to that of CT in stimulating adenyl cyclase in rabbit ileal mucosa and in rat lipocytes (6) .
It was the purpose of this study to further explore the mechanism of diarrhea induced by ECT by answering the following questions: (a) Is canine gut mucosal adenvl cvclase activity consistently increased after intraluminal ECT administration, and if so, is the increased aden0l cyclase activity correlated with net secretion of isotonic fluid by the canine small bowel? (b) Does challenge of the canine small bowel with viable enterotoxinproducing E. coli cause net fluid secretion, and if so, is this fluid secretion associated with enterotoxin production and with increased mucosal adenyl cyclase activity?
(c) Can the brief duration of action of ECT be due, at least in part, to deactivation of the enterotoxin within the bowel?
METHODS
Preparation of enterotoxins and viable cultures for intestinal challenge. ECT was prepared from strain 334 (serotype 0 15: H 11) which was isolated from the jejunum of a patient with severe cholera-like diarrhea in Calcutta (patient 924 in a previous publication [1] ). A control preparation ("ECT" 10405) was made from E. coli strain 10405, which was isolated from the stool of a convalescing cholera patient at the Cholera Research Laboratory in Dacca, Bangladesh, and provided by Dr. Doyle J. Evans, Jr. Culture filtrates of E. coli 10405 have demonstrated no enterotoxin activity when tested in ligated segments of canine (5) or rabbit small bowel (6), nor do they enhance lipolysis in viable isolated rat epididymal lipocytes. Cultures were maintained on sealed nutrient agar slants at room temperature. Enterotoxin was prepared as described elsewhere (5) . Briefly, Syncase broth (7) containing 0.1% sucrose was inoculated with 0.01 ml of an overnight Syncase culture and then shaken at 30°C for 18 h. Cells were removed by centrifugation and filtration. After dialysis and lyophilization, the dry powder was pooled into a single lot for this study and stored at 40C. Purified For duodenal challenge with viable organisms, dogs were similarly prepared except that a single 25-cm duodenal segment was isolated. Care was taken to preserve intact blood supply and exclude the common bile duct. Each end of the segment was ligated with umbilical tape around a no. 24 Foley catheter without inflation of the balloon. The segment was washed with 200 ml of isotonic saline, flushed with 200 ml of air, and allowed to drain freely from both ends to a single collection flask. Loop effluents were measured hourly. Only loops secreting less than 2 ml/h during the two control periods preceding challenge were used. No attempt was made to perfuse duodenal segments or to flush them between collection periods, since this might interfere with bacterial multiplication and enterotoxin production. The duodenum, rather than the jejunum or ileum, was chosen because normal canine jejunum and ileum consistently absorb isotonic fluid, and relatively small alterations in fluid transport by these segments can be appreciated only by studies employing continuous intestinal perfusion (10) .
Determination of net water and electrolyte flnuxcs in small bowel. In jejunal segments exposed to enterotoxin-containing electrolyte solutions, net water and electrolyte fluxes were measured during consecutive 10-min periods. For control studies, 12 ml of a solution containing Na (145 meq/liter), K (6 meq/liter), C1 (126 meq/liter), HCO3 (25 meq/liter), and phenolsulfonphthalein (PSP, 50 mg/ liter) was instilled into each segment. 2 ml was mixed by syringe aspiration and withdrawn as the initial sample. 10 min later the loop was emptied and a portion of the contents held as the final sample. During the 5 min between study periods, each segment was washed twice with 10 ml of saline. Enterotoxin challenge was accomplished by adding 500 pug/ml ECT 334 or ECT 10405, or 1 jug/ml purified CT to the test solution. Osmolarity of the test solution with 500 ,tg/ml ECT 334 was 308 mosmol/ml. This dose of ECT-334 represented a maximal dose, preliminary studies having shown that similar changes in net fluxes were induced by doses of 250 and 2500 ug/ml. In each dog two segments were studied before enterotoxin challenge, five segments were used to study the effects of ECT 334 and ECT 10405 challenge, and one segment was used to study the effect of CT. The position of these segments was systematically varied to compensate for any differences in function between proximal and midjejunum. To study the duration of effect of ECT 334 during prolonged contact with jejunal mucosa, ECT concentrations of 50 and 2500 Ag/ml in the above solution were employed.
The original test solution and the initial and final samples were analyzed colorimetrically for PSP concentrations with a Beckman DU spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.) (11) . To determine the net water flux for each study period, initial and final segment volumes were calculated as follows:
Net water flux = Vt-VaV (Al/cm jejunum/min) where, Vo = original volume of test solution instilled, V, =cal-culated initial volume, and Vr = calculated final volume. Sodium concentrations were determined with a flame photometer with internal lithium standard (Instrumentation Laboratory, Inc., Lexington, Mass.). Net sodium flux was expressed as sodium concentration in calculated net fluid added to or removed from the bowel lumen.
Duodenal segments were inoculated with 30 ml of one of the culture preparations described above, and the catheters clamped for 1 h. Thereafter fluid was allowed to drain freely from the segment and measured at hourly intervals. Hematocrits were determined hourly, and saline was infused intravenously at a rate adequate to maintain a stable hematocrit during study. Plasma protein determinations (12) immediately before bacterial inoculation, and at 3 and 6 h after, confirmed that adequate hydration was maintained. EnterotoxinL assay. Duodenal fluid produced in the 6th h after challenge with whole cultures of E. coli 334 was assayed for enterotoxin in rabbit small bowel segments by a modification of the method of Kasai and Burrows (13) . The fluid was sterilized by centrifugation for 45 min at 12,100 g at 40C and passage through a 220-nm filter (Mlillipore Corporation, Bedford, 'Mass.). A series of 4-cm segments of small bowel were prepared in 8-10 wk-old New Zealand white rabbits as previously described (5) . In each rabbit, segments wuere injected with 1 ml of sterile filtrate, normal saline (two segments), or a known potency of ECT 334 (two segments). After 6 h the animals were sacrificed, the volume of fluid in each segment measured, and the segment length determined. Values from three rabbits with ne-ative saline control segments and positive ECT 334 segments were used to assay each sample.
Adcuv1 c1clasc assay in gutt wulicosa. Biopsies of duodenum and jejunum for adenyl cyclase assay and histologic examination were obtained as described elsewhere (14) .
In jejunal segments they were taken immediately after enterotoxin challenge and immediately after the subsequent flux study periods. No more than two biopsies were performed in any segment. In the duodenum biopsies were obtained immediately before bacterial inoculation, and 3, and 6 h after. Curves were obtained which determined that 10 min was the optimal incubation time and that pH 8 was optimal for measurement of adenyl cNclase activity in canine jejunal mucosa stimulated by ECT 334. Direct addition of ECT 334 (500 ,ig/ml) to the homogenate had no effect upon conversion of ATP to cAMP.
Histopathzologic studics. An unscraped portion of each biopsy was fixed in 10%-buffered formaldehyde and stained with routine hemotoxylin and eosin, and with combined Alcian Blue periodic acid Schiff for mucin (16) . Specimen l)airs taken before E. coli inoculation, and 6 h after were examined by a pathologist who was unaware of the treatment of each tissue. The degrees of inflammation, tissue invasion by bacteria, goblet-cell prominence, and dilatation of villous lacteals or crypts were noted in each specimen.
Statistics. Except where specified, all P values were obtained by paired analysis using Student's t test.
illatcrials. 
RESULTS
Jejunal challenge with preformed enterotoxin. The effect of ECT on net jejunal movement and mucosal adenvl cvclase activity was studied in nine dogs. Net fluid secretion occurred only during the 10-min study period in which ECT 334 was in contact with jejunal mucosa (Fig. 1) . During that period, fluid secretion differed significantly from initial control absorption (P < 0.01), and recovery of normal absorption occurred by the time the segments had been washed twice and restudied for 10 min (P < 0.01). 334 and to CT were highly significant (P < 0.001, n = 9) for both adenyl cyclase activity and intestinal fluid secretion.
The calculated mean sodium concentration of the net fluid absorbed from the lumen in control studies was 147 meq/liter±+10 (SENI, n = 8 dogs). The net fluid added to the lumen in the same segments in the presence of ECT 334 had a mean sodium concentration of 159 meq/ liter+6 (SEM).
The duration of effect of ECT 334 when left in contact with jejunal mucosa was studied by injecting segments with 12 ml containing 50 or 2500 gg/ml ECT 334. At 0, 15, 30, 45, and 60 min, 0.5-ml samples were obtained for PSP analysis to determine net water flux. After 90 min all fluid was removed, a 0.5 ml portion was taken for PSP analysis, and the remainder was placed in a previously unused control segment for 15 min to detect any residual enterotoxin effect. To confirm the validity of this method, two control segments were similarly studied in each dog through the 90-min period without ad-LJ dition of enterotoxin.
The effect of the higher dose of ECT 334 persisted throughout the 90-min period (Fig. 2) (Fig. 3) . This was done by subtracting 30 ml from the effluent collected at the end of the 1 h bacterial inoculation period. Net secretion decreased slightly during the 2nd h, then increased steadily to the maximal observed rate of fluid secretion and mucosal adenyl c-rclase stimulation 6 h after bacterial inoculation ( Table I ). The transient net secretion observed in the 1st h in segments inoculated with whole cultures of E. coli 334 was thought to be due to preformed enterotoxin in the inoculum. Transient initial fluid secretion was not seen after inoculation with washed cells of strain 334; however, the total 7-h fluid output was comparable in magnitude to that induced by whole cultures. Control strain 10405 produced slight net secretion 2-7 lh after inoculation; however, the secretory rate 7 h after inoculation was significantly less than that induced by strain 334 (P < 0.02). The pH of duodenal fluid obtained during control periods varied from 6. cells of E. coli 334 (curve B, n = 4) and whole cultures of E. coli 10405 (curve C, n = 10). Data at 1 h represent the net output after subtracting the initial 30-ml inoculum from each value. Studies beyond 7 h were complicated by altered function of controls associated with histopathologic changes of peritonitis, interstitial edema, crypt dilatation, and focal atrophy in the bowel mucosa. Using grouped analysis: at 1 h A-B =20 ml/h, P<0.2; at 7 h A-C=29 ml/h, P <0.01; at 7 h B-C=20 ml/h, P<0.02. (14) .
This effect ensues despite attempts to wash CT from the intestine after a 10-min exposure. By contrast, earlier studies showed that the secretory response of canine jejunum to ECT 334 was fully developed during a 90-min enterotoxin perfusion period and absorption was largely restored during the first 90 min after enterotoxin perfusion (5) . In the present study the time-course of the secretory effect of a maximal dose of ECT 334 was more precisely defined, being demonstrable during the first 10 min of jejunal exposure and full recovery occurring by 5 min after enterotoxin removal. The shorter duration of ECT effect may explain, at least in part, the shorter duration of diarrhea associated with enterotoxin-producing E. coli (19) .
Earlier studies have shown differences in the mucosal binding sites of ECT and CT, and have suggested that these differences may contribute to differences in their time-course of action (20) . This study shows that ECT 334 loses enterotoxic activity after exposure to jejunal mucosa. This loss could result from enterotoxin absorption or from enterotoxin inactivation within the lumen or as a result of enterotoxin interaction with the mucosa. In any case this inactivating process may explain, at least partly, the brief duration of ECT effect. A sustained secretory response to ECT of several h duration is possible but appears to require either continuous perfusion with fresh ECT or injection of a large amount of ECT into a ligated gut segment' (5) . ECT 
